Mercury exposure of the local population was assessed in two areas of the Almadén mercury mining district, Spain, which has been the world's largest producer of this element. Two groups, who are exposed to different sources of mercury, from a point source in Almadén and a diffuse source hundreds of kilometres away in the same region, were studied. Total mercury (THg) in human hair ranged from 0.20 to 9.35 mg kg À1 and the mean value was 2.64 mg kg
a b s t r a c t
Mercury exposure of the local population was assessed in two areas of the Almadén mercury mining district, Spain, which has been the world's largest producer of this element. Two groups, who are exposed to different sources of mercury, from a point source in Almadén and a diffuse source hundreds of kilometres away in the same region, were studied. Total mercury (THg) in human hair ranged from 0.20 to 9.35 mg kg À1 and the mean value was 2.64 mg kg
À1
. About 87% of subjects had THg levels in excess of the EPA reference dose (RfD = 1.0 mg kg À1 ), while a high percentage (68%) of them live in Almadén. There was a clear increase in hair Hg with reported fish consumption and the highest mean hair mercury level was 4 times the RfD in a group who had reported the highest consumption of fish. For the whole group, there was a significant effect of age, gender and fish consumption in relation to Hg concentration in the hair. Nevertheless, when both groups were tested separately by means of a multivariate regression model, there was significant exposure in those living near the mine area. Several factors such as age, gender and fish consumption remained statistically significant and were associated with THg. The main conclusion is that people living close to the hot spot are more impacted by mercury than people living further away. The intake of Hg through consumption of fish is an important parameter for Hg exposure; however, in the case of people living close to the hot spot, their levels are related to the highly Hg-impacted living environment.
Ó 2011 Elsevier Ltd. All rights reserved.
Introduction
Almadén, located in the Castilla-La Mancha region (southcentral Spain), is a world-famous town because the local mercury mining district has produced one third of the total mercury produced by mankind in historic times (Hernández et al., 1999) . This district comprises a number of mercury mines, the largest one being located just under the town. For this reason, the town inhabitants have suffered intense exposure to mercury vapours, coming from the very close mining and metallurgical facilities . Especially important has been mercury exposure among miners, active until the closure of the mines and the metallurgical plant in 2003, although with a limited work schedule since 1950 (8 d a month, with 6 h per day).
In the Almadén area, a number of studies have been carried out involving the presence of mercury in edible biological species: Moreno et al. (2005) reported mercury contents of 8-10 mg kg À1 in hair from pigs living in a decommissioned mercury metallurgic precinct, eating mercury-contaminated vegetation and inhaling mercury-rich air (Martínez-Coronado et al., 2010) ; Molina et al. (2006) analysed wild plant species from the mining district, finding concentrations in the range 0.13-2695 mg kg À1 THg, including edible plants such as Asparagus acutifolius; and Higueras et al. (2006) reported mercury concentrations of up to 9 mg kg À1 and 26 mg kg À1 in the muscle and hepatopancreas, respectively, of the red swamp crayfish Procambarus clarkii, a commonly consumed freshwater food in the region. Nevertheless, little information is available on mercury exposure and its potential health effects in this population. On the other hand, Castilla-La Mancha region is one of the poorest in Spain, with a quite low industrialization level. Possible mercury emissions different from Almadén only may came from four industries scattered along the region, and declaring a total of 0.34 Mg Hg per year in 2009 (PRTR, 2011 .
Scalp hair has frequently been used as a biomarker for evaluating methylmercury (MeHg) exposure in dietary habits (McDowell et al., 2004) , since this organic form is incorporated into hair follicles (by the formation of a MeHg-cysteine complex) in proportion to its content in blood. The hair-to-whole blood ratio in humans has been estimated to be about 250 to 1 (WHO, 1990 MeHg-cysteine complex is stable (Phelps et al., 1980; WHO, 1990) and hair grows at an approximate rate of about 1 cm month À1 , then certain studies can be performed to determine past exposures. Because the half-life of MeHg in the body is about 1.5-2 months (Smith and Farris, 1996) , the hair nearest the scalp best reflects current exposures and recent blood concentrations (Díez, 2009) .
On the other hand, mercury contents in hair seem to be more related to dietary constraints, in particular to fish consumption (Johnsson et al., 2004) . It is generally accepted that the consumption of contaminated fish is the primary route of exposure to MeHg for humans and wildlife, although few studies (Aks et al., 1995; Horvat et al., 2003; Montuori et al., 2006) show that other sources of Hg should be seriously considered in particular areas.
To assess the risk of mercury exposure in a population, information is needed on its likely route. On the assumption that fish consumption is a well-accepted source of mercury, but with the hypothesis that living near a high Hg-impacted area should contribute to increased mercury levels in the human body, THg levels in hair were determined in a selected group of residents in the area of Almadén in south-central Spain, which is the world's largest mercury mining region. Mercury exposure in the hair of the local population was assessed in two areas where the people are exposed to different sources of mercury: a point source in Almadén district and surroundings (ALM) and a diffuse source hundreds of kilometres away in the same region (CLM).
The aim of this study was to perform a preliminary evaluation on the presence of mercury in the hair of inhabitants in the Almadén area, to determine the most important determinant of exposure to the organic forms of the element (e.g. fish consumption and/or area of residence). Potential factors such as age and gender were also assessed.
Materials and methods
The study was conducted in the Almadén mining area and municipalities from the Castilla-La Mancha region located within a range between 50 and 300 kilometres away from the first (e.g. Ciudad Real and Albacete cities) (Fig. 1) , from October 2005 to March 2006. A comparison between both geographical groups was made to identify the factors most likely to contribute to Hg levels in hair. The influence of potential factors, besides area of residence, such as age, gender or fish diet was also determined using statistical methods.
Population study
Individuals (aged 5-88) were selected randomly and the objectives and methods of the study were described to them. All the subjects agreed to participate and gave their consent. Most of the study participants appeared to be healthy and no had major congenital anomalies. We recruited 170 individuals, of whom 70 (41.2%) were males and 100 (58.8%) females. A questionnaire (a copy is available upon request from the corresponding author) was prepared to collect data on the age, gender, occupation and place of residence during the last nine months and frequency of fish consumption. Thereafter, the participants were asked about a number of aspects related to fish consumption, including the number of fish meals consumed per week. They were also asked about how often they consumed fish during the last 4 months with the following options: never, 1-2 times per week, 3-4 times per week, 5-6 times per week, once per day or more. No respondent reported fish consumption more than once per day. Since hair grows approximately 1 cm month À1 (Cernichiari et al., 1995) and in order to determine the exposure during the last 4 months, 4 cm of hair, corresponding to 4-5 months of growth, were taken.
Study participants were divided into two groups: (a) the Almadén area group (ALM) made up of 108 subjects (64 females and 44 males); and (b) the group of people living at municipalities located away from the hot spot (CLM) constituting 62 subjects (36 females and 26 males).
Analytical procedure
Hair strands approximately 4 cm long were obtained from the root in the occipital region. The samples were coded and stored in sealed plastic bags until analysis for THg. Each sample was homogenised and analysed by Zeeman absorption atomic spectrometry (ZAAS) (Sholupov and Ganeyev, 1995) , using a Lumex RA-915 + with a pyrolysis attachment. The detection limit of this technique was 5 ng g À1 . The accuracy of this method was assessed by certified reference material from NCS Beijing, China (NCS ZC81002b) containing 1.06 ± 0.26 mg kg À1 of THg. Each sample was analysed in triplicate.
Statistical methods
Mercury concentrations were tested for normality and were found to be not normally distributed; the data were therefore log-transformed. The differences between the groups were tested for significance using the Mann-Whitney U non-parametric test. Statistical significance was defined as p 6 0.05. Simple and multiple linear regression analysis to assess the relationship between mercury concentrations and covariates were used. Statistical analyses were done using SPSS, version 15 for Windows (SPSS Inc., Chicago, IL).
Results

Population study
The descriptive statistics on the Hg concentrations in hair for men and women in ALM, CLM and the whole group are given in Table 1. The mean age of these individuals was 30.9 (SD = 17.4), the youngest being 5 years old and the oldest 88 years old. No significant differences between men and women groups were obtained for age, although women were slightly younger than men (30.9 vs. 31.0 years; p = 0.948). On the other hand, the frequency of fish consumption between genders was not significantly different (p = 0.395). Median meals for men and women were the same (2.80 meals per week). Even when the whole group was assessed separately, no significant differences between men and women were obtained for frequency of fish consumption (2-3 vs. 2-3 times per week).
The two groups, ALM (2.86 mg kg
À1
) and CLM (2.26 mg kg À1 ), were significantly different in THg (U = 2383; p = 0.002). Furthermore, significant differences in THg were found between males and females (Fig. 2) . Men had higher mean hair Hg (3.15 mg kg À1 ) than women (2.28 mg kg À1 ) (U = 2556; p = 0.003), for the whole group. Similar findings were reached when the two groups were tested separately (ALM men (n = 44): 3.31 mg kg À1 vs. women (n = 64): 2.55 mg kg
; CLM men (n = 26): 2.89 mg kg À1 vs. women (n = 36): 1.81 mg kg À1 ). No significant differences between ALM and CLM groups were obtained for frequency of fish consumption (U = 694; p = 0.479), and the median value for ALM group was lower (2.76 meals per week) than from CLM (3.13 meals per week).
Within the female group (n = 100), the women of child-bearing age (16-49 years) (n = 76) had a mean hair mercury level of 2.12 mg kg À1 (range 0.20-5.56). The two groups of women of child-bearing age, ALM (2.44 mg kg 
Mercury and fish consumption
The THg levels stratified in accordance with the frequency of fish consumption are presented in Fig. 3 . Only a 3% of the subjects did not eat fish in the past half year, since only five respondents reported that never ate fish. Fish was consumed at least once by 97%, from 2 to 3 times a week by 58%, and a 15% of the respondents corresponded to heavy consumers (P4 times a week). As expected, there was a marked increase in hair THg with reported fish consumption. The median mercury level in hair was 2.32 mg kg À1 for the whole group and 4.11 mg kg À1 for those who reported the highest consumption of fish. The median mercury level in the group with the highest fish consumption was almost 1.8 times higher than the median of the group that rarely or never ate fish. Significant differences in THg (p < 0.05) were found between both groups. Frequency of fish consumption was classified into three categories: category 1: never or once a week; category 2: 2-3 times per week and category 3: equal or more than 4 times per week. Hence, there was a statistically significant difference between categories 1 and 3 (U = 147; p = 0.002) and 2 and 3 (U = 596; p = 0.002), but not between 1 and 2 (U = 600; p = 0.235). Moreover, when the groups where tested separately and categorised, categories 1 and 3 (U = 135; p = 0.035) and 2 and 3 (U = 519; p = 0.055) were marginally significantly different from each other at ALM.
There was a positive correlation and consequently a strong relationship between the consumption of fish and THg in the whole group tested or even when the groups were analysed individually. Fig. 3 clearly shows that THg in hair significantly increased as the number of fish meals rose.
Linear regression analysis
In order to assess the relationship between Hg concentrations in hair and explanatory variables such as age, gender, area of residence and fish consumption, we first used simple linear regression models. As seen in Table 2 , for the simple linear regression models, the area of residence was significantly related with THg concentrations, with 40% (b = 0.400) higher concentrations in ALM than in CLM (p < 0.001). Additionally, THg levels were 33% times higher in males (b = 0.334, p = 0.002); for an increase of one year of age THg levels increased 1% (b = 0.010, p = 0.002) and also for an increase of a fishmeal per week, THg increased 12% (b = 0.123, p = 0.001).
In the next step, all variables were adjusted for a multiple linear regression model to evaluate their coexisting effects on THg levels (Table 2) . It can be observed that estimates for gender (b = 0.288), age (b = 0.006) and fish consumption (b = 0.122) did not differ substantially from simple linear regression models, remaining statistically significant (p = 0.005, p = 0.036 and p = 0.001, respectively). However, when adjusting for all those variables, surprisingly, the estimate effect for the area of residence decreased dramatically (b = 0.051) as was not statistically significant (p = 0.738).
Finally, multiple linear regression models were fitted separately according the area of residence (Table 3) . Similar estimates for gender and age were found in both areas although these effects on THg levels were only statistically significant in ALM. Although fish consumption was statistically related with THg levels in both areas (p = 0.032 in ALM and p < 0.001 in CLM), the effect for an increase of a fishmeal per week was higher in CLM (b = 0.357) than in ALM (b = 0.082). Furthermore, mean-log levels of THg for the baseline reference group, i.e. females with mean age of 30.9 years who do not eat fish, were higher in ALM (a = 0.564) than in CLM (a = À0.217).
Discussion
The present study assessed the exposure to mercury in the hair of a population from two areas of south-central Spain; one was Almadén, which is the world's largest mercury mining region in the world, and the second was the general population from the enclosing region (CLM). Both groups are exposed to different sources of mercury depending on the area of residence: a point source in Almadén and a diffuse source on the region-scale surroundings.
Over the last decades, several studies have suggested that mercury exposure due to fish consumption is the main factor that contributes to body burden mercury levels. Therefore, a fish diet is considered as an effective predictor of mercury and a major route through which mercury is accumulated, especially in subjects with no occupational exposure (Holsbeek et al., 1996; Johnsson et al., 2004 Johnsson et al., , 2005 McDowell et al., 2004; Morrissette et al., 2004; Bjornberg et al., 2005; Babi et al., 2000) .
As a result, different guidelines and recommendations have been proposed by committees, governments and/or administrations. According to a World Health Organisation (WHO) report, based on neurotoxicity data from Japan and Iraq (WHO, 1990) , the no observed adverse effect level (NOAEL) for Hg in adults is 50 mg kg À1 dry wt of hair. Later on, Harada et al. (1999) reported that the upper limit of a normal hair Hg level is 10 mg kg À1 dry wt., whereas Grandjean et al. (1997 Grandjean et al. ( , 1999 showed that Hg-related neuropsychological dysfunctions were present in children even with Hg levels below 10 mg kg À1 dry wt in maternal hair in the Tapajos River basin, Brazil and in the Faroe Islands, Denmark. In 2001, based on studies in Faroe, New Zealand, and the Seychelles, the US Environmental Protection Agency (USEPA, 2001 (USEPA, , 2010 adopted a revised reference dose (RfD) for MeHg of 0.1 lg mercury per kg body weight per day. This RfD was based on neurodevelopmental effects associated with in utero exposure to MeHg from the maternal diet and is related to a maternal hair mercury concentration of 1.0 mg kg À1 (NRC, 2000) . Interestingly, the women of child-bearing age (16-49 years) (n = 76) had a mean hair mercury level of 2.12 (0.20-5.56). Then, above 87% of this group monitored in the present study exhibited hair mercury levels above the RfD advisory level, while a 63% corresponded to the ALM group.
Among all hair samples, none of our subjects had levels of mercury greater than the NOAEL. On the other hand, 63% (n = 107) of them had Hg concentrations greater than 2.0 mg kg À1 in hair (the WHO ''normal'' level), while 75% (n = 80) of these corresponded to inhabitants living in ALM.
A review of the literature (Table 4) suggests that gold mining and fish consumption constitute the most important sources of mercury contamination that affect people in the world. Mercury contamination from abandoned Hg mines (Li et al., 2009) , in Hg recycling operations (Gibb et al., 2008) and by the Hg used in gold amalgamation at mining sites (Barbosa et al., 2001; Drasch et al., 2001; Barbieri et al., 2009 ) is a great environmental concern around the world. Previous studies have found that coastal populations commonly exhibit higher levels of Hg than inland populations, most likely as a result of higher fish and seafood consumption (Knobeloch et al., 2005; Mahaffey, 2005) . The mean THg levels in ALM and CLM (Table 4) were lower than those reported for populations with high fish consumption, such as the Seychelles Islands (Myers et al., 2000) , the Faroe Islands (Grandjean et al., 1997) , the Madeira Island (Renzoni et al., 1998) , the Amazon basin (Barbosa et al., 2001) , Tunisia (MezghaniChaari et al., 2010) or Japan (Endo and Haraguchi, 2010) . On the other hand, Spanish inhabitants of the Almadén area exhibited higher THg levels than studies from the USA (McDowell et al., 2004; Karouna-Renier et al., 2008) , European countries such as Albania (Babi et al., 2000) , Germany (Pesch et al., 2002) , Greece (Gibicar et al., 2006) , Italy (Díez et al., 2008) , Portugal (Reis et al., 2009) , Sweden (Gerhardsson and Lundh, 2010) or Slovenia (Miklavčič et al., 2011) and other Spanish cities (Batista et al., 1996; Montuori et al., 2006; Díez et al., 2009; Freire et al., 2010) .
Despite the fact that fish consumption could be considered as one of the most significant predictors of THg, especially in adult heavy consumers, other studies have shown exposure of Hg via consumption of Hg-contaminated food and inhalation (Horvat et al., 2003) , and via working in or living near mercury-related industries (Aks et al., 1995) and chlor-alkali plants (Montuori et al., 2006) . Our results support the findings of those earlier studies, indicating that the concentration of Hg found in hair is dependent on dietary intake, but in populations settled near mercury activities (e.g. mining, chlor-alkali) their mercury contribution to body burden rises.
Earlier studies showed that gender is unlikely to play a role in determining mercury accumulation in hair (Kosatsky et al., 2000; Mortada et al., 2002; Olivero et al., 2002) . Nevertheless, in our study, males were found to have a higher mean value of mercury content in hair than females. Moreover, these differences were significant (p = 0.000). Similar findings were reported elsewhere in Amazonian populations (Malm et al., 1995; Lebel et al., 1996) , Japan (Nakagawa, 1995) and Italy (Díez et al., 2008) , whereas contradictory findings have been reported in Spain (Batista et al., 1996; Montuori et al., 2006) and Albania (Babi et al., 2000) .
Consumption patterns depend on meals consumed and on serving sizes, and it has been described that this could account for gender-related differences (Lebel et al., 1997; Burger, 2000 Burger, , 2005 Díez et al., 2009 ). As described above, since consumption of fish is well-known as the main factor that contributes to body burden mercury, it should be possible to find a positive correlation between the number of meals per week and the increase of Hg in hair. In our study, this hypothesis was not fulfilled because the mean concentrations of THg in males were higher than in females, even though the reported fish meals for men were slightly lower than for women. This may indicate either that males might consume more fish per serving or that in females the Hg could be eliminated as a result of different hair treatments such as artificial hair waving and hair colouring/dyeing (Dakeishi et al., 2005; Knobeloch et al., 2007) .
We further examined interesting differences between the two areas studied. Gender and age were analogous between both groups with very similar estimates. Fish consumption was also associated with THg concentrations, although in ALM the increase was 8% of THg per unit of fishmeal a week versus an increase of 36% in CLM. However, the baseline median mercury levels in the scalp hair of inhabitants in ALM were nearly 1.5-fold higher compared with people living in CLM. This evidence suggests that the area of residence leads to much higher levels of THg in ALM (0.564) than in CLM. For this reason, the intake of Hg through 
Conclusions
In our study, THg levels were determined in the scalp hair of residents close to a mercury hot spot (Almadén) and from another area far away. The mercury concentrations in the two groups were mainly related to age, gender and fish consumption. According to the results of the present study, individuals living close to the mining area of Almadén showed higher levels of mercury than the others. The results of the multiple regression model showed that even though the fish consumption frequency was one key parameter for the whole group, in the case of people living in Almadén, i.e. close to a high-impacted mercury area, exposure to mercury due to residence was a key determinant that contributed to increased mercury levels in the human body. Further studies are needed to elucidate if other local mercury-rich food products (e.g. red swamp crayfish, Asparagus acutifolius), besides fish, are determinants of mercury levels in the Almadén population.
In general, it can be concluded that the population most at risk is located in the vicinity of former mining activities, in the area of Almadén.
